INTRODUCTION
The plate tectonics model has been largely successful in explaining the distribution of basaltic volcanism on our planet. Mid-ocean ridge basalts are produced by decompression melting of passively upwelling upper mantle (asthenosphere) at the edges of separating plates, while subduction of oceanic lithosphere causes upper mantle hydration and melting, yielding volcanic arc basalts along collisional plate boundaries. Such plate margin environments account for the vast majority of all magma production. A volumetrically minor but significant class of basaltic volcanism occurs within plates or crosses plate boundaries, and it is characterized by linear chains of volcanoes (hotspot lineaments) that grow older in the directions of plate motion. Classic examples of this volcanic phenomenon are the Hawaiian Islands (and other parallel island chains in the Pacific Ocean), the Yellowstone-Snake River Plain province, and the volcanic platform and ridge system centered on Iceland. Because of their geometry and age distributions these volcanic provinces are thought to result from focused upper mantle zones of melting called hotspots [Wilson, 1963 [Wilson, , 1965 Morgan [1971, 1972] proposed that hotspots are maintained by unusually warm material rising from the lower mantle through narrow conduits that he called mantle plumes. He further speculated that these plumes comprised the upward flow of a long-lived, stable pattern of whole-mantle convection (Figure 2 ). Once established, these conduits for heat and material transport from the lower mantle do not, Morgan proposed, change position relative to one another. Plumes probably initiate in the seismically defined thermal layer at the boundary between the core and mantle. Convection in the lower mantle is If mantle plumes do indeed form a long-lived, stable pattern of convection of heat and material from the lower to the upper mantle, then the geographic orientations and age distributions of volcanic chains related to hotspots offer a very simple and direct record of the direction and velocity of lithospheric plate motions over the last 100 m.y. (million years) or more. Rates and directions of plate separation derived from the alternating normal and reversely magnetized stripes of seafloor parallel to spreading ridges measure past large-scale horizontal movements of pieces of the Earth's surface relative to their neighbors. This is called a relative motion reference frame because the spreading ridges from which motion is measured are themselves moving over the mantle, albeit more slowly than plates. A third reference frame for plate motions is provided by the Earth's magnetic field, which is assumed to have the shape (on average) of a dipole field aligned along the spin axis. Rocks that are magnetized in this field acquire a magnetic inclination (angle of the rock magnetic vector from horizontal) unique to their latitude. Thus any translatitudinal (north-south) motion of lithospheric plates can be determined from the paleomagnetic reference frame; east-west motions are not found by this method. Comparison of plate motions deduced from the hotspot and paleomagnetic reference frames indicates a small shift of the whole mantle with respect to the Earth's spin axis since early Tertiary time (55-65 Ma). In this paper we review the evidence for interhotspot motion and examine the question of whether hotspot lineaments constitute a useful frame of reference for plate motions. This issue also pertains to the geometry and dynamics of convective flow in the mantle, which in turn constrain estimates of the viscosity structure of the mantle. Many hotspots appear to have begun with massive outpourings of basaltic magmas over broad regions, both on continents and in ocean basins.
These volcanic provinces are called flood basalts and probably mark the arrival and initial melting of the "heads" of mantle plumes at the base of the lithosphere. Subsequent volcanism over the plume conduits (or "mils"), established by the initial plume upwelling, are the familiar tracks that connect flood basalts to presently active hotspots.
ARE HOTSPOTS STATIONARY?
An important question concerning hotspot volcanism is whether or not mantle plumes are, in fact, fixed with respect to one another and thus define an irregular but rigid reference frame. Some amount of interplume (hotspot) motion might be expected because of viscous coupling between the base of the moving lithospheric plates and the upper mantle owing to horizontal flow of the upper mantle away from spreading centers (Figure 2 ). If these perturbations are small or constant over long periods, then interplume drift may be significantly less than plate velocities, and hotspots with associated volcanic traces constitute a convenient and direct reference frame for reconstructing plate motions, independent of the paleomagnetic reference frame. (Figures 3 and 4 If we now accept the conclusion of section 1 that mantle plumes are stationary, to within about 5 mm/yr or less, over periods as long as 120 m.y., then the volcanic traces left by hotspots record the histories of plate motions over the lower mantle. This mantle reference frame is independent of the paleomagnetic reference frame and has certain distinct advantages. It does not depend on the assumption of the geocentric axial dipole field (for which there is good evidence except during polarity reversals of the field), and it resolves east-west plate motion which is not detected in paleomagnetic studies. Several groups have used the mantle reference frame to determine the history of plate convergence across subduction zones, where the record of relative plate motion is largely destroyed [Engebretson et al., , 1986 [Jurdy, 1984] and reduces the large uncertainties accumulated in combining sequences of rotation poles [Molnar and Stock, 1985] . Now, differential motion between the mantle and the spin axis can in principle be determined by comparing plate motions recorded by the hotspot and paleomagnetic reference frames. Such motion has been termed true polar wander (distinguished from apparent polar wander of the magnetic (spin) axis inferred from time sequences of paleomagnetic field directions for given plates). It is possible that redistribution of mass within the Earth through processes such as mantle convection and plate motions may change the planet's moments of inertia sufficiently to cause a shift of the entire body relative to its spin axis [Goldreich and Toorare, 1969] . This is, in fact, an old idea, suggested as an alternative to continental drift as an explanation for paleoclimatic evidence for translatitudinal motion of the Earth's surface [Irving, 1964] . True polar wander, however, was largely ignored after it was demonstrated that separate continents had distinct apparent polar wander paths and that continental drift (plate motions) must have occurred [e.g., Runcorn, 1965] . Could both motions occur simultaneously?
In the absence of true polar wander, mantle plumes do not move with respect to the geomagnetic (or spin) axis. Hence every volcano generated along a given hotspot track would record the magnetic inclination, usually expressed as the paleolatitude, of the site of present hotspot activity. 
ARE FLOOD BASALTS THE RESULT OF PLUME INITIATION?
The origin of continental flood basalt eruptions has remained a major geological mystery which has not been solved by any aspect of the theory of plate tectonics. Recently, much attention has been focused on the geological, geochemical, and geodynamical nature of these extraordinary events, and this interest results in large part Klein and Langmuir [1987] conclude that excess temperatures of about 250øC above ambient are required to obtain large melt fractions at depths of about 70-100 km. Although this value is somewhat larger than some estimates of maximum hotspot temperatures [Courtney and White, 1986] , it is at least consistent with those suggested by others [Jacques and Green, 1980] . Hence the difference with regard to melt production between the plume initiation model and the rifting model for melt production is that we assume a slightly higher temperature for at least the leading diapir of a starting mantle plume than that advocated by White and McKenzie [1989] . (It should also be noted that these inferred temperatures result from experiments on water-free melts and that the presence of volatiles, particularly COo., in the more enriched plume source material may enhance the degree of melting at depth or produce melting at lower temperatures [Willie, 1977] .
We emphasize that neither the tectonic nor the petrological constraints on the nature of flood basalt eruptions are conclusive. More field work neexls to be directed toward elucidating the field relations we have attempted to summarize, and this aspect of the problem has been neglected in comparison to the enormous amount of work on the petrology and geochemistry of flood basalts exemplified by several recently published reviews [Macdougall, 1988] . We have made no attempt to summarize this vast literature here, and the main purpose of our brief review is to emphasize the importance of field observations concerning the relations between crustal extension and flood basalt volcanism.
In addition to models based on mantle plume activity, Rampino and Stothers [1988] 
Starting Plumes
Given that mantle plumes have for some time been widely accepted as the likely cause of hotspot tracks, it seems strange that little work has been directed at the question, How do plumes start? The answer appears to be "Spectacularly!" at least in the cases involving flood basalt eruptions. Simple laboratory experiments [Whitehead and Luther, 1975] show that this behavior is to be expected from starting plumes, especially if the plumes have significantly lower viscosity than the material through which they rise. Figure 13a shows such a plume formed by steady injection of dyed water into higher-viscosity and higher-density glucose syrup. A very large "head" forms at the top of the plume, followed by a thin, connected conduit ( 
